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Automated systems for measuring forced expiratory volume and flow are now commonplace in many laboratories. Such systems provide accurate measurements of indices such as forced expiratory volume in one second (FEV1), forced vital capacity (FVC), flow at 50% and 25% of the vital capacity, and mean transit time (MTT). In contrast measurements of airways resistance and absolute lung volumes, while in common use, are normally derived manually by body plethysmography. These manual measurements are often subject to large intra-subject variability' 2 and, particularly with regard to measurements of airways resistance, exhibit large inter-observer errors.3
We have developed an automated plethysmograph system which allows measurements of airways resistance, lung volumes, and forced expiratory flowvolume loops to be obtained from a single manoeuvre performed by the patient. The algorithms used to calculate airways resistance and lung volumes form the most important feature of the system as they allow objective measurements to be made which are more reproducible than those which can be obtained manually.
We describe here our system and present a comparison of plethysmographic measurements determined by conventional methods and by our system.
Methods
The hardware consists of a constant volume plethysmograph and a digital computer. Two Fleisch pneumotachographs connected in series are used to Operation of the system is extremely simple. The patient sits in the plethysmograph and is instructed on how to perform the manoeuvre. The door of the plethysmograph is then sealed. The plethysmograph is periodically vented until the increase in plethysmograph pressure caused by thermal radiation from the patient is minimal. This usually takes about two minutes. A "start" button on the computer is pressed and a signalling light near the plethysmograph used to indicate to the patient to start the manoeuvre.
Ten seconds after completing the manoeuvre a print-out of results may be obtained together with a display of the flow-volume loop. The signals sampled during the first and second stages of the manoeuvre may also be displayed. The pressure and flow signals corresponding to the airways resistance measurement are displayed as an X-Y plot or "airways resistance loop". When airways resistance is determined manually a straight line is fitted by eye to this loop. Resistance is calculated from the slope of this line. On the computer display a line is also drawn which has a slope corresponding to the value of resistance calculated by the computer program. The signals sampled during the determination of thoracic gas volume are also displayed as an X-Y plot together with a "computer fitted" line having a slope giving the thoracic gas volume determined by the program. All the results and displays are stored on a disk file and may be recalled at a later date.
The computerised method of determining airways resistance has been compared with the conventional method and has been found to correlate well.4 In order to verify the algorithm for determining thoracic gas volume a comparison was made with the conventional manual method. Graphical displays of the X-Y plot of plethysmograph pressure and mouth pressure were obtained (without the computer fitted lines). Lines were fitted to these plots by eye and used to obtain manual estimates of thoracic gas volume which could be used to calculate total lung capacity from the inspired volume relative to Vtg measured by the computer during the third stage of the manoeuvre. These "manual" TLC values could then be compared with the values obtained by the computer. This comparison was made for 10 patients with varying degrees of airways obstruction and eight normal subjects. Each subject was asked to perform the manoeuvre six times.
Results and discussion
The standard output obtainable from the system is illustrated in fig 2. We routinely perform measure- Manual TLC (litres) Measurements of airways resistance also exhibit large intra-subject and inter-observer variability.2 3 In a separate study we have found that our system provides measurements of specific airways conductance, derived from airways resistance and thoracic gas volume, which have a coefficient of variation in the order of 10%.4 This is significantly less than measurements made by manual methods.
We have found the speed and ease of operation of the system to be extremely valuable when studying the effects of various bronchodilator treatments on asthmatic patients. Three sets of manoeuvres and measurements may be made in less than five minutes. To obtain these measurements by conventional techniques would require nine manoeuvres to be performed (three flow-volume loops, three airways resistance manoeuvres, and three lung volume manoeuvres). The plethysmographic measurements would then have to be calculated from lines fitted by eye to the X-Y plots. This is time-consuming and produces errors. Furthermore the results would not be available for inspection during the course of the study, a factor of importance in challenge studies.
The system allows measurements of airways resistance to be performed without the maximal inspiration and expiration (that is without the third stage of the manoeuvre). We have used this mode of operation extensively to investigate the acute effects of irritants such as cigarette smoke.8
AIRWAYS RESISTANCE
During the first stage of the manoeuvre the subject starts to pant at a frequency of approximately 2 Hz. The instant at which the flow signal crosses the flow baseline from expiratory flow to inspiratory flow is first identified.
Plethysmograph pressure (Pp) and flow (V) are sampled and digitised at a rate of 100 Hz and stored in memory until the flow signal recrosses the baseline in the same direction-that is, after one cycle of panting has been completed. The number of data samples collected during this time is then used to check the frequency of the panting. If this is between 1 and 3 Hz the program proceeds to the thoracic gas volume determination (second stage of the manoeuvre). If not the memory containing the pressure and flow signals is overwritten, the process repeated and a second cycle stored. If, after five cycles, a cycle of frequency in the range 1-3 Hz is not obtained the program issues an appropriate error message and the patient is instructed to re-start the manoeuvre.
Calculation of airways resistance from stored pressure and flow signals takes place after the patient has completed the manoeuvre. Resistance is determined from the amplitudes and phase relation of sine waves fitted to one cycle of the pressure and flow waveforms according to 
